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We present photoluminescence studies of highly excited single self–assembled CdTe quantum dots
under continuous–wave and pulsed excitations. We observe appearance of emission bands related to
sequential filling of s–, p– and d–shells. We analyze the inter-shell splitting for five samples, in which
the dots were formed from a strained CdTe layer of different width. We find that with increasing
the CdTe layer width the inter-shell splitting increases. In a time resolved measurement, we observe
a radiative cascade between transitions involving one, two, and more than two excitons.
PACS numbers: 78.67.Hc, 72.20.Jv, 71.55.Gs
Quantum dots (QDs) are often referred to as artificial
atoms due to their zero-dimensional density of states and
a shell-like structure of energy levels1. Epitaxial, self-
assembled QDs are usually strongly flattened along the
growth axis, yielding a separation of the in-plane and ver-
tical degrees of freedom. The quantization of the in-plane
motion results in shells with lowered degeneracies with
respect to spherically symmetric atoms and nanocrys-
tals, albeit wave functions associated with subsequent
shells retain the symmetries of the orbital momentum
eigenfunctions. In order to implement QDs into one of
the many envisioned future spin-based devices,2 a con-
trol over their morphology, and thus energy structure,
is essential. In particular, engineering of the inter-level
spacing is important, since mixing of different orbital
states strongly accelerates spin relaxation.3 On the other
hand, tailoring of the ground state photoluminescence
(PL) energy is crucial for non-classical light sources4
to match the QD emission with the cavity modes of
photonic structures. Past work on size and shape en-
gineering and thus tuning of the optical properties in-
volved rapid thermal annealing (RTA),5–8 controlling the
growth temperature9, indium flush technique9–11 or se-
lective etching and overgrowth of nanoholes.12 In par-
ticular, it was shown that in the InGaAs system, the
inter-shell spacings can be increased by applying a lower
growth temperature5, by executing the indium flush af-
ter deposition of a thicker GaAs layer11 or by producing
a deeper nanohole – conversely a lower QD.12 In this
work, we study epitaxial CdTe QDs with ZnTe barri-
ers for which no comprehensive study of inter-shell spac-
ings is available. These dots are grown using a modified
Stranski-Krastanov procedure.13 Namely, onto a strained
2D layer of CdTe, a layer of amorphous tellurium is de-
posited to change the balance between the elastic and
surface energies, and the dots are formed upon desorp-
tion of the tellurium. We find that the splitting between
the s– and p–shells is proportional to the width of the
CdTe layer providing a new tool for controlling the in-
plane confinement in QDs. Moreover, in a time-resolved
PL measurement we demonstrate a radiative cascade be-
tween a p–shell and s–shell and reproduce the PL tran-
sients with a rate equation model.
The samples were grown by molecular beam epitaxy
on a (100)-oriented GaAs substrate. First, a 4 µm
thick CdTe buffer layer was deposited. Then, a 1.4 µm
ZnTe barrier layer was grown. Next, a layer of strained
CdTe was deposited with thickness varying from 2 to
6 monolayers (ML) i.e. from 6.5 to 19.5 Å. The dots
were formed from this layer using the tellurium desorp-
tion procedure13 mentioned above. Finally, the dot layer
was covered with 50 nm thick ZnTe barrier layer.
We measured PL of single dots excited with a contin-
uous wave (cw) or a pulsed laser. The excitation wave-
length in both cases was 532 nm i. e. below the ZnTe
band gap. In the former case, the excitation source was
a solid state laser and in the latter a frequency doubled
output of an optical parametric oscillator pumped with a
2 ps Ti:sapphire laser. Single dots were accessed through
200 nm shadow mask apertures produced on the sample
surface by spin casting of polystyrene beads and evap-
orating a 100 nm layer of gold. The laser beam was
focused with a microscope objective. The PL signal was
collected with the same objective and directed onto a slit
of a monochromator. Time-integrated spectra were mea-
sured with a CCD camera, while time-resolved PL was
detected with a streak camera with overall temporal res-
olution of 10 ps. All measurements were performed at a
temperature of about 10 K.
In Figure 1, we present cw PL spectra of a single
CdTe QD measured with geometrically increasing exci-
tation power density P from 0.8 kW/cm2 (bottom spec-
trum) to 480 kW/cm2 (top spectrum). For P . 30
kW/cm2 only one emission band, related to the s–shell
emission, is observed. At lowest excitation powers, this
band consists of three transitions originating from re-
combinations of the neutral exciton (X0) and charged
excitons: X+ and X−, which appear red-shifted by 8.2
and 9.7 meV respectively. As the excitation power is
increased, the doubly charged exciton X2−, the biex-
citon (2X) and the negatively charged biexciton 2X−
transitions appear, red-shifted with respect to X0 by
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FIG. 1. PL spectra of a single CdTe quantum dot as a func-
tion of cw excitation power density from 0.8 kW/cm2 (bot-
tom spectrum) to 480 kW/cm2 (top spectrum). Exponents
of the fitted power law functions are given next to the iden-
tified transitions. The method for determining the inter-shell
splitting is shown schematically.
12.3, 14.7, and 17.6 meV, respectively. The assign-
ment of these transitions is based on comparison of their
respective spectroscopic shifts with those reported for
other single CdTe QDs14–19, where the identification was
based on photon correlation measurements14,19, optical
anisotropy16,17, optical orientation17, and charging be-
havior in electric field15,18. It was found that the tran-
sition sequence in all QDs with identified charge states
is the same, namely EX0 > EX+ > EX− > EX2− >
E2X > E2X− , where Eχ is the emission energy of
the complex χ. The universality of the transition se-
quence is due to a relatively weak confinement, espe-
cially in the valence band, which enhances the role of
Coulomb correlation effects. As a result, transitions re-
lated to charged excitonic complexes and biexcitons are
shifted to lower energies.18 Analogous behavior was ob-
served in weakly confining GaAs QDs made of quan-
tum well width fluctuations20 and in large GaAs dots in
AlGaAs barriers.12
To support our identification of the PL transitions, we
fit power law functions to the dependence of their intensi-
ties on excitation density. The fitted exponents are given
in Fig. 1 next to the respective transitions. For X0, X+,
and X− the PL intensity increases approximately linearly,
while for X2−, 2X and 2X− the increase is clearly super-
linear in agreement with a typical behavior expected for
a neutral exciton and biexciton14,17,21–23.
As the excitation power is increased, at P & 30
kW/cm2 a higher emission band appears (about 19 meV
above X) and simultaneously the neutral and charged
excitons begin to lose strength. This band consists of a
multitude of transitions, most of which exhibit superlin-
ear intensity increase with excitation power. Thus, we
identify it as recombination of p–shell electrons with p–
shell holes. Detailed assignment of various transitions to
particular QD occupancies require e.g. photon correlation
measurements and is beyond the scope of this paper. Si-
multaneously to the appearance of the p–shell emission, a
broad low energy tail develops below the 2X− transition
from the s–shell. We attribute this tail to recombina-
tions of s-shell electron and hole in the presence of an
occupied p–shell – an effect also demonstrated in single
InGaAs QDs occupied with more than two excitons24,25.
With further increase of the excitation density, at about
P & 220 kW/cm2, another emission band appears, sep-
arated from the center of gravity of the p-shell band by
about 20 meV. We identify this band with recombination
of d–shell electrons with d–shell holes. Since the separa-
tion between emission bands related to subsequent shells
is approximately equal, we conclude that the shape of the
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FIG. 2. (a–e) Distributions of the s–p splitting for different
single CdTe QDs for each sample. (f) Evaluated average value
of the s–p splitting as a function of the CdTe layer thickness.
The error bars indicate the FWHM of the s–p splitting dis-
tribution. (g-h) Formation schemes for QDs with a large and
small (small and large) lateral (vertical) size. (i) s-p splitting
plotted as a function of the average ensemble emission energy.
The solid line is a guide for the eye.
3confining lateral potential is approximately parabolic.
In order to determine the impact of the number of
CdTe layers on the inter-shell splitting ∆sp, we evaluate
the energy distance between the (somewhat arbitrarily
chosen – see Fig. 1) center of gravity of the p–shell emis-
sion and the X0. Distributions of the obtained∆sp values
for the five samples are shown in Fig. 2a-e together with
fitted normal distribution functions. Mean ∆sp values
with errors taken as full width half maxima (FWHM) of
the fitted distributions are presented in Fig. 2f. A mono-
tonic increase of the inter-shell splitting with the number
of CdTe layers from which the QDs are formed is clearly
visible.
This increase of∆sp points out that with increasing the
CdTe layer thickness the lateral size of a dot is decreased.
We therefore understand the mechanism of tuning of ∆sp
as the following. With deposition of the strained CdTe
layers, the amount of elastic energy accumulated in the
sample increases. In a Stranski-Krastanov growth mode,
the formation of QDs occurs when this energy is relaxed
at the expense of surface energy pertaining to the dots.
Therefore, the larger is the amount of elastic energy to
be relaxed, the larger can be the resulting QD surface
energy and thus the smaller the QD base diameter. Fur-
thermore, with increasing the CdTe layer width we ex-
pect the dot height to increase. The formation of dots
with large and small base diameters with small and large
heights, respectively, is depicted schematically in Figs.
2g-h. The proposed mechanism can thus be confirmed
by observing an anticorrelation between the lateral and
vertical QD dimensions or conversely an anticorrelation
between ∆sp and mean PL energy, which is governed
mostly by the vertical confinement. Indeed, this anticor-
relation is observed as displayed in Fig. 2i, where mean
∆sp is plotted against mean emission energy of the QD
ensemble.
As seen in Fig. 1, emergence of the p–shell emission is
accompanied with quenching of the X0. Indeed, under
high excitation conditions, the probability of finding the
dot occupied by a single electron-hole pair is very small.
However, in a time-resolved measurements, it is possible
to observe a gradual emptying of the QD of photocarri-
ers. This effect is presented in Fig. 3, where normalized
PL transients related to recombinations of X0, 2X, and
a transition from the p–shell marked as 3X∗ are shown.
The PL rise times are comparable since we employ a non-
resonant excitation and a stochastic capture of electrons
and holes may result in initially varying QD occupation.
On the other hand, the decay dynamics is very different.
The 3X∗ transition decays monoexponentially, while the
2X and X0 display a plateau due to saturation of the
s-shell emission. The plateau is broader for the X0 de-
cay. This behavior is a clear manifestation of a radiative
cascade between multiexcitonic states.26 Emission of the
3X∗ dominates at small delays. Then, when the p-shells
are emptied, the 2X takes over, and at longest delays,
when the dot is occupied by only one exciton, the X0
dominates. We model this radiative cascade process by
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FIG. 3. Temporal PL traces of the X (diamonds), 2X
(circles) and 3X* (triangles) transitions excited with P =
0.8 kW/cm2. Solid lines show the results of rate equa-
tion model calculations. The excitation profile is wX(t) =
G/τexc exp(−t/τexc)θ(t), where G is the excitation amplitude,
θ(t) is the Heavside function and the fitted times are: τX =
210 ps, τ2X = 160 ps, τ3X∗ = 110 ps and τexc = 45 ps.
considering X0, 2X, and a neutral 3X transition in a rate
equation model14,23 for a four level system depicted in
the inset to Fig. 3. The excitation profile is given by
an exponential decay with a characteristic exciton cap-
ture time14. Thus, there are five fitting parameters: the
excitation amplitude, the three decay times and the ex-
citon capture time. The results are presented as solid
lines and fitted times are given in the caption. The ratio
between the 2X and X0 lifetimes is about 0.76 demon-
strating a strong influence of Coulomb interactions on
excitonic wave functions.18 The observed cascaded emis-
sion process proves that the CdTe QDs can be utilized
as sources of non-classical light.14
To conclude, we studied emission properties of highly
excited single CdTe QDs. We observed sequential fill-
ing of the shells accompanied by appearance of higher
emission bands. We evaluated the splitting between the
s- and p-shell emission for about 100 QDs formed from
CdTe layers of different thicknesses and demonstrated a
new tool for tuning the inter-shell splitting in CdTe QDs.
Namely, we found that with increasing CdTe layer thick-
ness, the s-p splitting increases. Moreover, in a time-
resolved PL measurement, we observed a radiative cas-
cade between multiexcitonic complexes, in which the fill-
ing of the s-shell led to a saturation of the X0 and 2X
transitions and their subsequent emergence at higher de-
lays. The result were accounted for in a rate equation
model.
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